Dot arrays made of polycrystalline Co/ Pt multilayer with an average grain size of 20 nm are fabricated by using a laser interference lithography and their magnetic properties are examined by detecting anomalous Hall effect. It is revealed that the ratio of dots which have stable single domain state increases from 35% to 85% while the dot diameter decreased from 200 to 120 nm. The energy barrier height of magnetization reversal is estimated as 4.0ϫ 10 −12 erg from sweep rate dependence of the coercivity. The energy corresponds to the switching volume comparable with the volume of a physical grain in the multilayer film.
INTRODUCTION
Magnetization reversal processes of nanosized structures have been studied extensively from both of technical and scientific points of view. For these studies it is essential to carry out quantitative measurement with high accuracy. However, conventional magnetometory, such as vibratingsample magnetometer ͑VSM͒ and superconducting quantum interference device ͑SQUID͒, requires preparing samples with huge numbers of structures because of the lack of sensitivity. This requirement causes a lot of limitations on sample fabrication and characterization. We have proposed an anomalous Hall-effect ͑AHE͒ measurement as one of the alternative quantitative methods, which is applicable for materials with perpendicular anisotropy.
1,2 The only additional process for the anomalous Hall-effect ͑AHE͒ measurement is a deposition of a conductive layer on top of dot arrays. One of the advantages of AHE measurement is that the signal level is proportional to areal density of structures, not to the number of structures.
1 Thus, AHE measurement can be adopted to a wide range of samples, from a single dot 1 to an array of a few cm 2 . In this paper, we will show the results of the AHE measurement of dot arrays made of Co/ Pt multilayer and discuss their magnetization reversal process.
SAMPLE FABRICATION AND CHARACTERIZATION
Co/ Pt multilayers were deposited by using a dc magnetron sputtering on a Si substrate with a 1-m-thick oxidized layer. The film structure of the multilayers is ͓Pt͑1 nm͒ /Co͑0.5 nm͔͒ 5 /Pt͑1 nm͒. The Ar pressure during the sputtering process was kept at 0.2 Pa. Dot patterns of a 200-nm-thick positive resist for etching mask were fabricated on the films by using a laser interference lithography ͑LIL͒. 3 The dot patterns were transferred into the Co/ Pt multilayers by using an Ar + ion-beam etching ͑IBE͒. Arrays of circular dots of 120 and 200 nm in diameter were fabricated. The periodicities between dots are fixed as 600 nm in both arrays. After removal of the resist mask, a 5-nm-thick Pt layer for electrode was deposited on top of the dots by sputtering. The deposition process is necessary to put a current into the Co/ Pt layer. The Pt layer is patterned into 16-m-wide cross patterns with four contact pads by means of photolithography and IBE. More details about the AHE sample preparation are given in a previous paper. 2 The AHE measurements are carried out with a 833-Hz ac current of 10 A. All hysteresis curves shown in this paper are obtained by AHE measurement. Figure 1͑a͒ is the initial and hysteresis curves of the continuous Co/ Pt film used for patterning. Saturation magnetization ͑M s ͒ is determined as 400 emu/ cc from VSM measurement. The first and second uniaxial anisotropy constants K 1 and K 2 are evaluated as 1.9ϫ 10 6 and 3.6 ϫ 10 5 erg/ cc, respectively. M s , K 1 , and K 2 are defined against per unit volume of the whole film. Figure 1͑b͒ is the major and minor loops of an array of dots of 120 nm in diameter. The dot array has a 16-m-width Pt Hall cross and consequently about 800 dots contribute the signal. After patterning, coercivity increases significantly. All the minor loops measured in both field sweep directions completely overlap. The result indicates that the magnetization process is completely irreversible. Therefore, it can be concluded that the dots reach single domain state after magnetization reversal. The slope of the loop represents the switching field dis- The samples were demagnetized before the initial curve measurements by two different ways, namely, ͑i͒ attenuating an alternating perpendicular field ͑m i-Ќ ͒ ͑ii͒ applying an inplane field of 8.2 kOe ͑m i-ʈ ͒. Clear differences are found in the two initial curves, m i-Ќ and m i-ʈ . m i-Ќ ͑H͒ overlaps mЈ completely for both diameter samples. The result is consistent with the results of the minor loops shown in Fig. 1͑b͒ , indicating the dots always reach stable single domain state in perpendicular field. On the other hand, sharp increases starting around zero field, which is not appeared in mЈ, are found in m i-ʈ . The sharp increase corresponds to a domain-wall motion in dots which have a multidomain state after demagnetized with an in-plane field. After the sharp increase, the slope becomes gradual and increases along the slope of mЈ. The behavior indicates that the rest of dots have the same demagnetization state with m i-Ќ , which is single domain. It should also be noted that the amount of the sharp increase of 120-nm diameter dots is only 15% although that of 200-nm diameter dots reaches 65% of the full scale. The difference is due to the fact that single domain state becomes preferable in smaller diameter dot. We have obtained a preliminary result of micromagnetics simulation which predicts that the critical diameter between single and multidomain states is lying around 100 nm. In Fig. 3͑a͒ , coercivity is plotted as a function of sweep rate ͑R͒ of external field, where varied from 0.1 to 50 Oe/ s. Coercivity strongly depends on the sweep rate and increases as increase of R. The inserted figure of Fig. 3͑a͒ is remanent coercivity H c r as function of angle H between the applied field and the normal to the film plane. As shown in this figure, H c r monotonically increases as increase of H . This is the typical angular dependence when the domain-wall motion is a dominant process of magnetization reversal. 4 If the domain-wall motion is the dominant process, switching probability of a magnetic dot after a certain time t in a fixed magnetic field H can be written as
RESULTS AND DISCUSSION
T, E 0 , and H 0 are the frequency factor, Boltzmann constant, temperature, energy barrier height at zero field, and coercivity without thermal fluctuation, respectively. Based on these formulas, switching probability under an external field with sweep rate of R is written as
Because coercivity is defined as the field where P͑H , R͒ = 0.5, H c is obtained as function of R,
The dotted line in Fig. 3͑a͒ is the fitting result with formula ͑6͒, and E 0 and H c 0 are estimated as 4.0ϫ 10 −12 erg and 1.41 kOe, respectively. Similar result has been obtained for the arrays of 200-nm diameter dos. If uniform material is assumed, the switching volume corresponds to a volume of a cylinder of 18 nm in diameter and 8.5 nm in thickness. The switching volume is only a few percents of the volume of a dot but similar to the volume of a grain evaluated from an atomic force microscopy ͑AFM͒ image ͓Fig. 3͑b͔͒. The results suggest that the activation volume of Co/ Pt dots is comparable with the volume of a physical grain in the film.
CONCLUSION
We have fabricated dot arrays of 120 and 200 nm in diameter from Co/ Pt polycrystalline multilayer by combination of LIL and photolithography. Magnetization processes of the arrays are examined by detecting the anomalous Hall effect. From the measurement of initial magnetization curve, it is revealed that 15% of dots of 120 nm have stable multidomain state. The energy barrier height of magnetization switching of the dots have been estimated as 4.0 ϫ 10 −12 erg, which corresponds to the activation volume comparable with the volume of a physical grain in the film.
